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ABSTRACT 

Results of x-ray diffraction, transmission electron diffraction, 

and crystallization studies on amorphous (Mo 1_xRu)
80

P
20 

alloys 

obtained by Liquid quenching are presented and discussed. The 

alloys are all found to be superconducting with transition. tempera-

' 0 0 ' 
tures ranging from ...... 3 K to ...... 9 K. The variation of T with a Uoy 

c 

composition is compared to that obtained by Collver and Hammond 

for vapor quenched transition metal films .. Results of magnetic 

susceptibility measurements are used to estimate the variation of 

the electronic density of states at the Fermi level, N(O), from the 

Pauli paramagnetic contribution. The relations hip between the 

variation of T c and N(O) is discussed in terms of the microscope 

theory of superconductivity. Finally; results of measurements of 

the upper critical field H cZ' and the normal state electronic trans­

port properties are presented and compared with recent theoretical 

models for am:)rphous superconductors. 
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I. INTRODUCTION 

Since the early work of Buckel and Hilsch l, 
2

, interest in the study 

of amorphous superconducting metals and alloys has steadily increased. 

A review of experime~tal and theoretical work in this area has been 

3 . 
published by Bergmann. To date nwst experimental results have 

concerned thin films obtained by vapor depositlon on a cryogenic 

substrate, as amorphous superconducting metals and alloys were until 

recently not available in bulk form. The authors have reported super-

conductivity in bulk amorphous alloys obtained by the method of liquid 

quenching. 4 These amorphous alloys are stable with respect to 

crystallization at and well above room te.mperature. Owing to this 

stability and to the relatively large quantity of sample available, it is 

possible to carry out measurements of bulk properties such as specific 

5 heat , and .magnetic susceptibility on these materials. 

The transition .metals and their alloys form a particularly interest-

ing class of superconducting materials. 
. 6. 

Collver and Hammond , have 

shown that it is possible to obtain transition metals in amorphous form 

0 
by vapor deposition on a substrate held at 4. 2 K. For transition 

metals of a given series arid alloys of neighboring metals in the series, 

they observed that the superconducting transition temperature T 
c 

follows· a regular dependence on d-band occupation or average group 

number {AGN). A broad maximum.in the T vs. AGN curve with the 
c 

maximum occurring at an.AGN corresponding to a roughly half-filled 

d-band was found. This behavior is in marked contrast to the double-

peaked structure characteristic of crystalline alloys which is commonly 

refer red to as Matthias' rule. The microscopic origin of the variation 

of T c in the amorphous state and its contrast to the crystalline case 

• 
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has been the subject of several subsequent studies. 7 • 8 • 9 Unfor-

tunately, attempts to understand this problem have suffered from a 

lack of detailed information regarding the variation of fundamental 

microscopic parameters in the amorphous state. Experimental data 

regarding the electronic band structure and density of states at the_ 

Fermi level N(O) are not available. The variation of the De bye tern-

perature and phonon density of states have likewise not been studied. 

Such information is essential to explaining the microscopic origin of 

the systematics of T . 
c 

In the present work, we report on the properties of several new 

amorphous transition metal alloys prepared in bulk form using the 

liquid quenching technique. The alloys contain 80 at.% of a transition 

metal and 20 at.% of a "glass forming" constituent such as phosphorous 

or boron. Together, they form an alloy series in which the d-band 

occupation is varied systematically. The variation of T . is found to 
c 

closely follow that observed by Collver and Hammond. Deviations 

observed are attributed to the effects of electron transfer from the 

transition .metal constituent to the more electronegative glass forming 

cont:>tituent. Magnetic susceptibility measurements carried out over 

0 . 
the te.mperature range from 2 K to room temperature and for fields 

ranging up to 80 KG are used to evaluate the Pauli paramagnetic 

susceptibility. This data enables one to determine the variation of 

N(O) with d-band occupation for the alloy series. The values of N(O) 

are found to vary smoothly with d-band occupation and this variation 

can be correlated with the variation in T for the alloy series. The c 

microscopic theory of superconductivity is used together with the 

present data to interpret the systematics of transition metal 
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superconductivity in the amorphous state. A tight-binding model for 

electronic structure of the d-band originally proposed by Labbe, 

Barasic, and Friede1
10 

and modified by Varma and Dynes 
11 

to include 

non-orthogonality of the basic functions is compared with the experi-

mental data. 

Several other properties of this series of alloys have been measured. 

Structural data obtained both from electron diffraction and x-ray 

diffraction are discussed. High temperature resistivity data and 

thermal scanning data are presented which together with the structural 

data support the claim that the alloys are amorphous. The temperature 

dependence of the upper critical field H 
2

{T), and the field gradient 
c . 

dHc 2{T) /dT have been measured for all alloys of the series. These 

data are compared to theoretical predictions. Finally, the factors 

which govern the for.mation of the amorphous phase and its stability 

are analyzed and related to the present results. 

II. EXPERIMENTAL 

The alloy preparation is accomplished in several steps using 

99.9% and 99.99% pure starting rnaterials. Metal powders are com-

bined and thoroughly mixed with phosphorous and boron powders 

then pressed to form a compact. The compact is sealed in quartz and 

0 
slowly heated to~ 1100 C over a period of several days. The reacted 

compact is melted several times on a silver boat under an argon atmo-

sphere to form a homogeneous ingot. The ingot is subsequently broken 

into small fragments which are used in the liquid quenching process. 

The quenching technique is described elsewhere. 
12 

The quenched 

• i 
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samples are in the form of foils having a typical thickness of,.... 60 11-m 

2 
and an area of several em . 

All samples are checked by x-ray diffraction scanning with a 

Norelco diffractometer using CuKa radiation. A time lapse step. 

scanning diffractometer was also used to obtain a .more detailed x-ray 

scan with improved statistics. Several foils were thinned by etching 

and used for electron diffraction studies in a Siemens transmission 

electron microscope. 

Electrical resistivity measurements were carried out at two stations 

one of which can be used for temperatures in the range from 4. 2°K to 

300°K, and a second for temperatures. in the range from 300°K to 

1200°K. Thermal traces were obtained by rapid heating in an evacuated 

tube with a platinum-platinum rhodium thermocouple attached to the 

sample foil. 

Magnetic susceptibility measurements were carried out using the 

Faraday method in a superconducting magnet system designed by 

Oxford Instruments. The fields used range up to 80 KG and the sample 

t b t 11 d · th f 2°K to 300 °K. tempera ure can e con ro . e 1n e range rom 

Measure.ments of Hc
2

(T) were car.ried out in the same system using a 

separate probe. The sample is located in an exchange gas container 

and can be mounted in three mutually orthogonal directions. Below 

10°K, the temperature can be measured with an absolute accuracy of 

± 50 mK and a relative accuracy of ± l mK. The Hc 2 (T) data were 

obtained by measuring resistance vs. temperature curves for a series 

of constant applied fields. Critical current as a function of applied field 

and temperature was also measured. Transition temperatures reported 

are defined as the highest temperature for which the resistivity p = 0 



Table I. Transition temperature, critical field gradient, and resistivity of amorphous superconducting 

alloys prepared by liquid quenching. 

Alloy Composition 

(Moo. 8Ruo. 2)80P20 

(Moo. 6Ruo. 4)80P20 

(Moo. 4Ruo. 6)80P20 

(MoO. 2Ru0. 8) BOP 20 

Mo80p lOB 10 

(MoO. 8Re0. 2) SOP lOB 10 

, .. ,,, 
room temperature 

T (°K) 
c 

7. 31 ± 0.05 

6. 18 ± 0.05 

4. 68 ± 0.05 

3. 43 ± 0. 0 5 

9.oo·± o. 05 

8.71 ± 0.05. 

)!( 

Resistivity' (j..LO em) 

24.5 ± 0.5 300 ± 50 

25.5 ± 0.5 300 ± 50 

26.8 ± 0.5 330 ± 50 

27.6 ± 0.5 320 ± 50 

17.6 ± 0.5 

24.2 ± 0.5 

I 

"' I 
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the maxima. These features are very similar to those observP.rl hy 

Cargill and Cochrane 13 • 14 
for Ni

76
P

24 
and Co

78
P

22 
amorphous 

alloys, and by Wagner
15 

for amorphous Fe
80

P 13C
7 

alloys. The 

splitting of the second maximum in the present data was observed for 

each of the above alloys. The widths of the first, second, and third 

maxima are also comparable to those observed in the above mentioned 

work. It should be noted that, according to the Scherrer formula, the 

·width of the first maximum corresponds to an effective microcrystal 

size of about 16A. Although the radial distribution function (RDF) has 

not yet been calculated for the present alloys, it is probable that the 

general features will resemble those obtained by Cargill and Cohrane, 

and Wagner. Their data were found to be well described by theoretical 

13 14 15 
.models for amorphous structure. ' ' 

Electron diffraction studies of amorphous (Mo
1

_xRux) 80 P
20 

alloys 

also support the conclusion that they possess an amorphous structure. 

The transmission electron diffraction pattern of an (Mo
0

. 
6
Ru

0
. 

4
>
80

P
20 

sample which was thinned by chemical etching is shown in Fig. 2(a). 

Three diffuse halos are visible and a fourth can be seen on close 

inspection. Electron diffraction patterns of other alloys o£ the 

(Mo l-xRux) 80 P 20 series are similar. A few isolated regions of an 

(Mo
0

. 
2
Ru

0
. 

8
)
80

P
20 

specimen were found to give diffuse halos plus 

spots indicating that mic rocrysta llites had formed in the amorphous 

matrix during quenching. An example is shown in Fig. 2(b). This 

composition must .lie near the upper limit of Ru concentrations for 

which it is possible to obtain an amorphous phase by liquid-quenching. 

It was not possible to .:>btain amorphous samples of Mo
80

P 
20 

which 

indicates that a lower limit for Ru concentration also exists. 
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of an amorphous (MoO. 6Ru0.4)80P20 sample.   The foil was

thinned by chemical etching.
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Fig. 2(b) Transmission electron diffraction pattern of a region of a

(MoO  Ru   ) P specimen containing a microcrystallite.2     0.8  80   20
embedded in an amorphous matrix. Most regions of this

sample showed no evidence of crystallization.
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The crystallization of amorphous (Mo
1
_xRu)

80
P

20 
alloys was 

studied both by measurement of high-temperature resistivity and by 

carrying out a thermal trace. The resistivity vs. temperature for 

(Mo
0

. 
6
Ru

0
. 

4
)
80

P
20 

obtained using a heating rate of 5°Kimin. is 

shown in Fig. 3(a). The data spans the range from 4. 2°K to l200°K 

(the superconducting transition at ,..... 6. l °K is not shown). The 

resistivity exhibits a negative temperature coefficient 1 I p dp I dT over 

0 
the temperature range up to ...... 600 K. The resistivity is observed to 

drop abruptly at about 980°K. This precipitous drop is taken to indicate 

spontaneous crystallization of the alloy. Such a drop provides addi-

tional evidence of a well defined amorphous state. It should also be 

noted that further heating to 1200°C results in a subsequent cooling 

curve having a positive coefficient of resistivity as expected for a 

crystalline material. 

The thermal trace was obtained by heating the sample at a rate of 

,..... 5 °K /sec. The sample is sealed in an evacuated quartz tube and 

plunged into a pre -heated furnace. The sample temperature as 

monitored by an attached thermocouple is recorded as a function of 

time. The results are shown in Fig. 3(b). A sharp rise in tempera­

ture is observed at 1040°K. The temperature rise _t:.T is ,...... 120°K. 

This value can be used to obtain a lower bound (the measurement is 

not strictly adiabatic) for the heat of crystallization of the amorphous 

phase. Since the temperature involved must be several times the 

Debye te.mperature of the alloy, the Dulong-Petit value of 3R for the 

heat capacity can be ~sed. The heat of crystallization ~He 1s then 

given by 3R~ T. This gives ~H ~ 0. 7 2 (K cal/mole). 
c 

The melting 

point of (Mo
0

. 
6
Ru

0
• 

4
)
80

P 20 can be roughly estimated from the liquid 

quenching procedure to be of order 1800°K and the heat of fusion 

., 
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(b) 

Fig. 3(a) Electrical resistivity of an amorphous (Mo0 . 6Ru0 • 4>80 P 20 

sample from low temperature up to 1200 °C. The sample 

was heated at a rate of 5°K/min. 

(b) Thermal trace of an amorphous (Mo0 . 6Ru0 . 4)80 P 20 sample 

obtained by rapidly heating the sample with attached thermo-

couple in an evacuated quartz tube. Crystallization is accom-

panied by a sharp temperature rise t.T indicated on the plot. 
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6HF will thus be of the order of several (Kcal/mole). 6H represents 
c 

a significant fraction of llHF as would be expected if the alloy is 

initially in the amorphous state. Thermal trace data were taken on other 

alloys of the (Mo
1

_xRu) 80 P 20 . All alloys of the series show an abrupt 

temperature increase which occurs at a temperature between 1000°K 

0 
and 1080 K. The Mo

80
P 

10
B 

10 
and Mo

60
Re

20
P 

16
B 

10 
alloys c rysta.llize 

0 
at "' 1100 C as measured by the thermal trace using the same heating 

rate. 

The di~crepancy between the crystallization temperature obtained 

from resistivity vs. temperature and that obtained from the thermal 

trace data can be attributed to the difference in the heating rates used 

in the two cases. The faster heating rate in the thermal trace allows 

a much shorter time lapse per unit of temperature scanned and thus a 

smaller time interval in which nucleation of the crystalline phase can 

take place. 

B. Superconductivity 

The superconducting transition temperature T for each of the 
c 

alloys is listed in Table I. T was found to be a systematic function 
c 

of the average group number (AGN) of the transition metal component 

where the AGN of Mo and Ru are 6 and 8 respectively. This dependence 

is illustrated in Fig. 4. For comparison, the dependence of T on . c 
6 

AGN observed by Collver and Hammond for Mo-Ru alloys prepared 

by vapor quenching on a cryogenic substrate is shown. The general 

features of the two curves are similar although some differences are 

apparent. The peak in T vs. AGN curve occurs at somewhat lower 
c 

AGN than that obtained by Collver and Hammond. The two curves join 
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o.o~~~~~~~~~~~~~~~~-L-J 
6 7 8 

Mo (Tc) Ru 

Average Group No. 

Fig. 4. The superconducting transition temperature as a function of 

the average group number (AGN) of the transition metal con-

stituent for amorphous (Mo l-xRux) 80 P 20 alloys and an. 

Mo
80

P 
10

B 
10 

alloy. The dashed line indicates the trend of the 

present experimental data while the solid line exhibits the 

behavior observed by Collver and Hammond for cryo-quenched 

transition-metal films. 
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for AGN values near 8. 
16 17 

Otto Meyer ' has pointed out that the T 
c 

of transition metal films ion implanted with Group A e lernents at low 

temperature approach those given by the Collver-Hammond curve for 

sufficiently high dosages of implanted ions and provided that the electro­

negativity and G oldsci:midt radii of the implanted species fall in a 

certain range. Meyer's work suggests that chem.ical factors play a 

role in determining T . In the present work, the phosphorus (and 
c 

boron for some of the alloys) ato.ms probably interact chemically with 

the transition metal species. The Pauling electronegativities of Mo, 

Ru, and Pare 1. 8, 2. 2, and 2. 1 repsectivety. Some electron transfer 

from Mo toP is expected while little or no transfer is expected from 

Ru toP. Transfer of an electron having a predominantely s-tike 

character from Mo to P would result in a lowering of the Mo atomic 

d level due to the increase of charge on the Mo site. A net relative 

increase in d-band occupation could result. Electron transfer 

probably does not occur for Ru since the electronegativity difference 

between Ru and P is of opposite sign and small. Such considerations 

may· underlie the apparent discrepancy in the T vs. AGN curve 
c 

(Fig. 4) with respect to that of Collver-Hammond. A shift occurs for 

the Mo-rich alloys but not for Ru-rich alloys as expected. 

The super conducting transition as measured by resistance vs. 

temperature for amorphous (Mo0 . 6Ru
0

• 
4

) SOP 20 is shown in Fig. 5 

for the case of no applied magnetic field (H = 0) along with transition 

in various non-zero fields. For H = 0, the width of the superconducting 

-3 0 
transition /'),T c ::::.. 40 x 10 K as measured· by the 10% and 90% points 

on the resistance vs. temperature curve. This value of t.T is com­
e 

. 4 18 19 
parable to that observed 1n numerous other amorphous samples. ' ' 
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The rounding of the resistive transition above T has been shown to be 
c 

due to superconducting fluctuations and is also discussed elsewhere.
18

• 19 

Broadening of the superconducting transition in the presence of an 

applied field has also been discussed in the above references and is 

probably attributable to the effect of surface superconquctivity. The 

resistive transitions for other alloys studied are very similar to that 

shown in Fig. 5. 

The upper critical field Hc
2 

and its temperature dependence can be 

defined in terms of the curves in Fig. 5. Taking the temperature for 

which the resistance is t of the normal state value for a given applied 

field defines the temperature ·dependent upper critical field. One could 

adopt other criteria such as R = 0 in defining the upper critical field. 

Using the R = 0 criteria will give a slightly reduced field gradient 

(dH c 2 I dT) but does not significantly alter the functional dependence 

obtained for Hc
2 

on temperature. The Hc 2 (T) data for(Mo
0 .

6
Ru

0 .
4

)80
P

20 

are shown in Fig. 6 along with those of all alloys studied. In all cases, 

Hc
2 

is well described by the formula 

( 1) 

where Hc
2

(0) is defined by linear extrapolation of the data to T = 0. 

Within experimental error, no deviation from linearity is observed for 

the Hc
2

(T) curves over the range of fields and temperatures available. 

For several of the alloys, this range covers over half of the total range 

of reduced temperature t = T /T . Previous studies of amorphous 
c 

4 20 21 22 
transition metal alloys have also given a linear Hc

2
(T) dependence. • 1 1 

Deviations from linearity have been observed for amorphous V and 
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Fig. 5. The normalized resistivity [ p{T} I p ( 10 °K} J of amorphous 

(Mo
0

. 
6
Ru

0
. 

4
} 
80

P 
20 

as a function of temperature in the 

presence of a transverse magnetic field. The field ranges 

from H = 0 to H = 80 KG. 
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x Moso Pto Bto 

A (M~s R~2>so ~o Bto 
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• < M~s Rl!4>so P2o 

+ < M~4 R~s>so P2o 

° CM~2 R~slao P2o 

8 

Upper critical field H (T) as a function of temperature for all 
c2 

of the amorphous alloys of the present study. The values of 

Hc
2

(T) were determined by the R = iR
0 

criteria described in 

the text. 
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19,23 
zr

75
Rh25 , but are not as large as those· predicted by the Maki 

24 
theory even when spin-orbit coupling and paramagnetic lir:niting are 

included. 

Critical current density .measurements in both zero and non-zero 

applied magnetic field have also been carried out for most of the alloys. 

For H = 0, typical values of J rang~ from 5 x 10
4 

A/cm
2 

to 
c 

3 x 10
5 

A/cm
2 

for high T and low T alloys respectively.- Weak 
c c 

flux pinning forces are observed in some alloys. The flux pinning 

profiles and other data relating to flux pinning will be discussed in a 

.bl" . 25 separate pu . tcatlon. 

C. Magnetic Measurements 

Magnetization M as a function of applied field was measured for 

each of the alloys. Data were taken for a series of fixed temp~ratures 

by varying the applied field H. The magnetization in both the normal 

and superconducting state was studied. The data taken for temperatures 

above T were used to determine the temperature and composition 
c 

dependence of the normal state magnetic susceptibility. A typical set 

of data is shown in Fig. 7 for amorphous (MoO. 6Ru
0

• 
4

)
80

P
20

. The 

T 
c 

0 
of the alloy is 6. 15 K so that all of the data shown we;re taken in 

the normal state. The sharp rise in magnetization for H < 10 KG 

arises from contamination of the sample during laboratory handling and 

cutting by particles of Fe (or other .magnetic materials). This con-

bi:ibution changes only slightly with temperature and is therefore not 

due to magnetic impurity atoms dissolved in the matrix. A very small 

temperature dependent term corresponding to such impurities is 

present. The magnetization due to such 
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Fig. 7. Magnetization as a function of applied field H for amorphous 
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for various temperatures as indicated on 

the graph. The solid lines were used to determine X(T), the 

temperature dependent magnetic susceptibility of the amor-

phous matrix. 
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contamination is well saturated at H = 20KG so that the change in 

magnetization above 20KG is governed by the susceptibility X(T) of 

the amorphous matrix. From 20 KG to 80 KG, the M vs. H curve is 

linear and x(T) is well defined. For low temperatures (7°K - 20°K), 

X(T) shows a temperature dependence. 
0 

The data taken at 40 K and 

80°K are near!~ identical. A well defined temperature independent 

contribution to X(T) can thus be defined by the high temperature data. 

Similar results were obtained for other alloys of the (Mo 1 _xRux)
80

P
20 

series. A. summary of the temperature independent part of X(T) 

defined by data taken at 80°K (or higher when necessary to establish 

temperature independence) and referred to as X is presented in Fig. 8(a). 

In Fig. 8(b), the susceptibility has been converted to units of 

(states I e V -atom) for later convenience by plotting the quantity 

2 
(XI21J.B ) where IJ.B is the Bohr magneton. It can be seen that X follows 

a regular dependence on the AGN of the transition metal constituents. 

The variation is similar to that observed for T · vs. AGN; this correla­
c 

tion will be discussed at Length in section IV. Previous .measurements 

on other amorphous transition-metal-phosphorus alloys with higher 

AGN values give values of X which join smoothly with the present 

data on a X vs. AGN plot as shown in the Figure. For example, 

(Pd 
1 

Cu ) 
80 

P
20 

alloys (AGN ~ 10) have values of X which are 
-x x +y -y 

-7 I extremely small ( ..... lO emu gG) and of either positive or negative 

. d d" ·t· 26 Th h d f s1gn epen 1ng on. compos1 1on. e smoot ecrease o X as a 

function of increasing AGN (for AGN > 6) appears to be a general 

characteristic of amorphous transition metal-metalloid alloys. A 

summary of the present data along with various data from other 

work are given in Table II. Included are data for the density of 

states for crystalline Mo
61

Ru
39 

and Mo 
42

Re
58 

alloys (having the 
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Fig. 8(a) The te.mperature independent part X of the magnetic susceptibility 

(b) 

x(T) (defined by high temperature magnetization data) for the amor-

phous alloys of this study. Also shown are data for amorphous 

(Pd
1

_xCux) 80 P
20 

alloys taken from a previous study (G. Tangonan­

Ph.D. thesis -California Institute of Technology- 1976). The data 

are plotted as a function of AGN for the transition metal constituents. 

2 
The density of states (x/2~-J.B) obtained from the magnetic susceptibility 

shown in part (a). The electron density of states at the Fermi level 

N(O) for crystalline , -phase Mo-Re and Mo-Ru alloys as determined 

from low te.mperature specific heat data is also shown for com paris on 

with the values of X I 211-J obtained for the amorphous alloys. 



Table II. Magnetic susceptibility at high temperature, corresponding density of states N(O), Structure, 

and AGN of alloys in the present study along with related data for other amorphous alloys and 

Alloy Average Molecular Weight ·~)X 10 6 
x.gG N(O) (states ) 

eV-atom 
Structure AGN 

(MoO. 8Ru0. 2) SOP 20 83,8 o. 72 ± 0.05 0.93 ± 0.07 amorphous 6.4 

(Moo. 6Ruo. 4)80P20 84,6 o. 52± 0.05 0.68±0.07 II 6.8 

(Moo. 4Ruo. 6>8oPzo 85.4 0~40 ± 0.05 o. 53 ± 0.07 II 7.2 

(Moo. zRuo. 8>8oPzo 86.2 0. 28 ± 0. 05 0.37 ± 0.07 II 7.6 

Mo80p lOB 10 80.9 0.70 ± 0.05 0.88 ± 0.07 II 6.0 

I ... 
(Pdo. 8cuo. z>8oP;o 84.45 0. 02 ± 0.005 II 10.2 

N 

*" I 

Pd80p20 
t 91.3 -0.02 ± 0,005 II 10.0 

Mo61Ru39 0.87 >:<* a-phase 6.8 

Mo42Re58 0.70 >!<: >:C (crystalline) 

''( 

'• taken from thesis by G. Tangonan (Calif. Inst. Of Tech. -1976). 

~:~ >:~ 

from specific heat data (F. Heiniger, E. Bucher, an:l J. M\iller, Phys. Kondens. Materie, 2_, 243 (1966)). 

,I 
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cr - phase structure) as determined from low temperature specific 

heat measurements. 

In order to understand the significance of the temperature independent 

susceptibility x. it is necessary to examine the role of various contribu-

tions to it. The following procedures are generally used to interpret 

such data. X is taken as the sum of two· main contributions 

X = Xcore + Xcond. (2) 

where X refers to core electrons and X d refers to conduction core con . · 

band electrons. X d naturally divides into contributions from the 
con . · 

sp (nearly free) and d (tightly bound) electrons. 

(3) 

p . 
Contributions to X include the Pauli spin term X and the Landau 

s s 

term XL 
I s 

X 
s 

while Xd contains the above two terms plus an orbital term
27 

P L 0 
X d = Xd + X d + X d 

The Pauli spin susceptibility of the s electrons in the simplest 

approximation is given by 

( 4) 

(5) 

( 6) 
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where N
5 

{O) is the s-band density of states {per spin) at the Fermi level 

and the Landau term for s -electrons is given by 

L 
X s = {7) 

:{:: 

with m the free electron mass and m the actual effective mass for 

s -electrons near EF. The core term X in equation {2) and the terms 
·core 

defined by equation {6) and (7) all give contributions to X which are 

between one and two orders of magnitude less than the observed values of 

28 p 0 
X· Thus, the dominant terms in x are xd and X d since 

{8) 

* L and m >> m for d-electrons. Thus xd is neglected. In the simplest 

approximation 

{9) 

while the orbital susceptibility X~ is difficult to calculate. X~ is prob­

ably less than though comparable with X~. We shaH for the purpose of 

simplicity assume that X~ does not change with AGN and that X~ is the 

dominant contribution to X· In this piG:ture, the variation of X observed 

in Fig. 8{b) then reflectis mainly the variation of Nd {0) (the density of 

state per spin) which is roughly given by X~ I 21-Li ~ X I z'rJ.i. It should be 

mentioned that the above discussion also ignores many body effects. 

The magnetization data taken for T < T show the characteristic · c . 

M vs. H curves of a high K type II superconductor. For some 
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samples, irreversibility in the M vs. H curve is observed and can be 

interpreted in terms of flux pinning. These data will be discussed in 

bl
. . 25 

a separate pu . 1catton. 

IVo DISCUSSION 

A .. Amorphous Phase Formation and Stability 

The liquid quenching technique can be used to obtain amorphous 

. 29 
alloys which fall into two more or less separate categories. The 

first, referred to as metal-metalloid alloys consists of a transition 

metal (TM) alloyed with typically 20 at. o/o of a non-transition group A 

element such as phosphorus, silicon, carbon, or boron. The group 

A element is frequently ter.med a glass forrper. The second category 

of alloys consists of a rare-earth, actinide, or early transition metal 

(e. g. Z r, Ti etc.) alloyed with a late transition metal (e. g. Rh, Ni, 

Pd etc). The common feature of both classes of alloys ·is the existence 

of a deep eutectic in the alloy phase diagram near the composition of 

interest. Turnbull30 has noted that a deep eutectic can be interpreted 

in ter.ms of a comparitively large negative heat of formation of the 

liquid alloy. Since the amorphous structure is closely related to that 

of the liquid, alloys having compositions near a deep eu,tectic are 

prone to amorphous phase formation. 

The alloys of the present study represent an intermediate case 

between the above two alloy classes. The melting temperature T 
m 

0 0 
of Mo and Ru are 2610 C and 2280 C respectively. The phase 

diagram of the Mo-Ru system
31 

exhibits a eutectic at the composition 

0 Mo
58

Ru
42 

with a eutectic temperature of 1945 C. The addition of 
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phosphorus to form the ternary alloy (Mo
0

. 58Ru
0

. 42)80P 20 gives a 

deep eutectic in the ternary diagram. The liquidus temperature for the 

ternary alloy is estimated to be ........ 1400 -1600°C. The estimate is based 

on observations made during the liquid quenching process. The Mo-Ru 

eutectic is the limiting case of a TM-TM eutectic where the separation 

of the AGN of the TM 1s is small. Fur larger separation of the .AGN 

. 4 
(e. g. the Nb-Rh and Zr-Rh syste.ms ) of the TM 1s, the eutectic is more 

pronounced. The addition of phosphorus to Mo-Ru alloys lowers the 

liquidus temperature in a manner characteristic of the metal-metalloid 

class of amorphous alloys. Use of this ternary alloy is essential for 

obtaining an amorphous phase by liquid quenching. Attempts to prepare 

amorphous Mo58Ru42 , Mo80P 20 , and Ru80 P
20 

by liquid quenching were 

unsuccessful. 

Collver and Hammond6 • 
32 

have determined the crystallization 

temperatures T of vapor quenched transition metal films. They 
cr 

observed crystallization well below room temperature for pure metal 

films and most of the alloy films studied .. Two notable exceptions to 

this observation were Nb-Zr and Mo-Ru alloys which were found to 

have rather high crystallization temperatures. The Mo-Ru alloys, for 

example, had T as high as 700°C. The crystallization temperature 
cr 

of liquid-quenched amorphous (Mo 1 _xRux) 80 P
20 

alloys was found to be 

0 0 
of order T "" 7 00 C -800 C, very near to that of the :rvfo-Ru films. 

cr 

It is noteworthy that a number of alloys such as Nb
58

Rh
42

, 

(:rvlo 
1

_xRux) 80P 20 , Nb 1_xNix 
33 

having an AGN [for the transition-metal 

components) of"' 6. 5 can be obtained in amorphous form by liquid quench-

ing. These alloys also yield stable amorphous phases when prepared in 

thin filn1 form. Based on this observation, it is conjectured that amorphous 
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phase stability (and the existence of a eutectic) can be associated with 

certain preferred AGN values. Using the Collver Hammond results 

and those on liquid quenched alloys, one can determine that alloys 

having AGN values of ,...., 4. 5 and ...... 6. 5 are prone to amorphous phase 

formation. It is remarkable that these preferred AGN values coincide 

with the Matthias preferred AGN values for obtaining high T super-
. c 

conductors. McMillan
34 

has shown that enhanced superconductivity in 

transition metals is typically acco.mpanied by an overall softening of 

the lattice against harmonic displacements. 
. 35 

Gomersall and Gyorffy 

have discussed the stability .of crystalline phases in ter.ms of this 

effect and have attempted to explain Matthias rules. It is tempting to 

attribute both lattice softening and the tendency tow.ard amorphous 

phase formation to a common origin. Both can be traced to the 

response of the d-electrons to atomic distortion or rearrangement. 

When the d-electron gas becomes highly polarizable as oc~urs when 

the electron-phonon coupling constant is large, one expects that lattice 

distortion will be energetically easier. In this situation the amorphous 

phase will have a comparitively lower internal energy with respect 

to its crystalline counterpart. 

B. Upper Critical Field and Electronic Properties 

36 
Koepke and Bergmann (KB) have measured the upper critical 

field Hc
2

(T) for amorphous Mo films obtained by low temperature 

vapor deposition. They report a linear temperature dependence of 

Hcz in agreement with the present results (Fig. 5). On the other 

hand, they find an upper critical field gradient dHc 2(T)/dT ~ 45 (KG/°K) 

which is considerably larger than that observed for amorphous 
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(Mo l-xRu) 80 P 20 alloys for which d.Hc 2(T) I dT .-.. 24-28 (KG /°K). It is 

noteworthy that dHc
2

(T)/dT is nearly independent of x. For a strong­

coupling superconductor, dHc 2(T) I dT has been theoretically expressed 

37,38 
as 

dHc 2 (T) /dT = - z 
4KBe 

lT 
(10) 

where z is a numerical constant very nearly equal to 1, p is the normal 

~~ 

state electrical resistivity of the sample, and N(O) is the electron-

phonon dressed density of states at the Fermi level (EF = 0). KB have 

discussed application of eqn. ( 10) to their results. In the present 

study, we have observed values of p -.. 300 !J.O em while KB found 

p ,.... 450 1-L o em for Mo films. For the alloy (Mo
0

. 8 Ru
0

. 2) 80 P 20 we 

. find T = 7. 3°K, close to that obtained by KB for Mo films. Making 
c 

··-
the crude assumption that N(O),,. is nearly the same for these two cases, 

one can account for most of the difference in dH 
2

/dT by considering the 
. c 

difference in p. On the other hand, eqn. ( 10) does not account for the 

constancy of dHc 2 /dT throughout the (Mo 1 _xRux)
80

P 20 alloy series. 

F:r.om the magnetic susceptibility data (Fig. 8) and the discussion in 

section III C., it is clear that N(O) decreases rapidly with increasing 

Ru concentration. The accompanying rapiO decrease in T (Fig. 4) 
c 

impli·es that the electron phonon coupling constant A. also decreases 

with increasing Ru concentration. Thus, N(O):;, = N(O) ( 1 + 'A) must be 

a rapidly decreasing function of AGN. On the other hand, p remains 

nearly constant (Table I) so that eqn. ( 10) predicts a significant 

decrease in dHc 2 /dT with increa$ing AGN. As dHc 2 /dT is experimentally 

found to be nearly constant, it is concluded that eqn. ( 10) fails to 
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describe its dependence on AGN. As .mentioned by KB·, the combined 

effect of d-and s -electrons can render eqn. ( 10) inapplicable since the 

transport mean free path is determined mainly by s -electrons while 

the superconductivity most probably involves d-electrons as will be 

discussed in Section IV C. It should be added that recent tunneling 

. 39 40 
data on amorphous Mo-base alloy hlms ' suggests that these 

superconductors are well desc~ibed by the BCS weak coupling theory. 

Previous work
3 

on amorphous simple metals has shown them to be 

strong-coupling superconductors. KB point out that a value· X. ~ 2 is 

required if eqn. ( 10) is to predict the correct magnitude of dH 
2

/dT for 
' c 

amorphous Mo films. In view of the tunneling data, such a large A. se.ems 

highly unlikely. The nearly free electron modeL on which eqn. ( 10) is 

based cannot it appears account for the complex behavior of amorphous 

transition metals. The role of d-electrons must be considered if one 

is to understand this behavior. 

c. Microscopic Origin of the Variation of T 
c 

Several atte.mpts have been made to explain the systematic variation 

of T , observed first by Collver and Hammond
6

, for amorphous transi­
c 

tion .metals of a given series. 
7

' 
8

' 9 We can use the data obtained in the 

present study to help to cla.rify the role of the various microscopic 

parameters which determine T c· It is clear from the previous dis­

cussion and by comparison of Figs. 4 and 8 that the electronic density 

of states at the Fermi level N(O) plays a major role in determining the 

variation of T • Evidence that N(O) plays a significant role in the 
c 

behavior of T has also been obt3.ined by ultraviolet photoemission 
c 
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spectroscopy on amorphous and bee films of Mo. 
41 

Though not 

quantitative, the photoemission studies indicate a loss of d-band 

structure and an increase in N(O) on passing from bodycentered cubic 

crystalline to amorphous Mo. The function N(E), as qualitatively 

reflected in the photoelectron energy spectrum, is a smoothly varying 

function of E (for E < EF = 0) for amorphous Mo. The present 

results complb:nent this picture. In Fig. 8, the variation with AGN of 

X and the corresponding density of state for the (Mo 1_xRu)
80

P
20 

alloy 

series along with data from (Pd
1

_xCux)
80

P
20 

alloys leads to the follow­

ing picture of the 4d band of these alloys. It is assumed that phosphorus 

makes only a small contribution to N(O) arising from s -p electrons as 

discussed in Sect. III C. The d-band density of states Nd(O) varies 

smoothly with d-band occupation following a ''bell shaped'' curve .. This 

curve exhibits a broad peak at a value of· AGN corresponding roughly to 

a half filled d-band. This variation is in marked contrast to the crystal­

line density of states which show a se:ries of sharp peaks in N(O) as·a 

function of AGN. 
30 

It is interesting to compare data for amorphous 

alloys with data for Mo
61

Ru
39 

and Mo
42

Re
58 

crystalline alloys having 

the cr -phase structure. The cr -phase has a complex unit cell containing 

30 atoms in five non-equivalent positions, and cr -phase alloys typically 

exhibit a high degree of atomic disorder. Such a low symmetry poorly 

ordered structure might be expected to .have an electronic band structure 

similar to an amorphous phase. The density of states N(O) for the above 

mentioned a-phase alloys as deduced from specific heat data (see 

Table II) is include~ in Fig. 8(b). It is observed that these values of 

N(O) fall on the amorphous N(O) vs. AGN curve to within experimental 

uncertainty. It is noteworthy that the superconducting transition 



·-33-

t.Am per:aturco T c - 7. 0 °K and 8. 4°K (respective! y for Mo
61 

Ru
39 

and 

Mo 
42

Re 
58

) also fall close to those observed in the amorphous alloys 

having the same AGN. Although this close agreement in Fig. 8(b) 

.may be fortuitous, it provides evidence that the density of states 

deduced from the magnetic susceptibility data is a meaningful quantity. 

It is reasonable to proceed by assuming that the variation of Nd(O) is 

well represented by the dashed curve in Fig. 8(b). The consequences 

of such a d-band structure for the microscopic theory of elect.ron- · 

phonon interactions and superconductivity are now examined. 

McMillan
30 

has shown that the superconducting transition tempera-

ture can be related to several microscopic parameters through the 

following equation 

T 
c 

-- Bdl. 45 exp [ -1. 04. ( 
1 + A) J 

A - 1J. ( 1 + 0. 62A) 

where SD is the Debye temperature (or a suitably defined average 

phonon frequency). A is the electron-phonon coupling constant which 

may be expressed in the form 

A = N(O) (I2) 

M (w 2> 

( 11) 

( 12) 

and IJ. >.'< represents the Coulomb interaction-. In the expression for A, 

( I 2) is an average of the squared electron-phonon matrix element, M 

the ionic mass, and (w 
2

) an average square phonon frequency. The 

,tight binding approximation has been shown to give a successful descrip­

tion of superconductivity in d- band metals ~O' 11 
Labbe, Barasic, and 

Friedet 10 were the first to point out that simple relationships among 
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the parameters of eqn. ( 12) foLlow from a tight binding model. A 

simple tight binding picture predicts the approximate constancy of the 

product N(O) ( 1
2

) by the relationship 

( 13) 

where q is the Slater coefficient for exponential decay ot a d-orb1tal 
0 

and E the principal d-band contribution to cohesive energy. Varma 
c 

and Dynes 
11 

extended this picture to include non-orthogonality of the 

basis functions as parameterized by the overlap integral S. They 

derive the interesting approximate relationship 

"""(1 + S) (1 + N(O)W(l + S)] 
N(O) 

=>< W(l + S) ( 14) 

where W is the width of the d-band, and the upper and lower signs 

refer to the lower and upper half of the d-band respectively. We can 

take thes;e results as a rough guide to interpreting the present data in 

the context of the tight-binding approximation. We assume that the 

Fermi level lies in the non-bonding (upper half) of the d-band for the 

series of alloys in the present work as the alloys fall in the range of 

AGN greater than 6. The postive, sign is then appropriate. A rigid 

band picture implies that the bancl width W is roughly constant for our 

alloy series. S is taken to be constant as the Slater coefficient q 
0 

10 
of the d-orbitals for Mo and Ru 'vvill be nearly equal ., and the mean 

. interatomic distance between neighboring atoms does not change with 
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composition. 
42 

Equations { 12 and { 14) then predict that the electron-

phonon coupling constant A is proportional to N(O). We can co·mpare 

this prediction to the present experimental results by assuming that 

the density of states curve of Fig. 8(b) accurately represents the 

variation of Nd(O) with AGN. As previously discussed, we ignore the 

role of phosphorus in determining Nd(O) as the d-levels of phosphorus 

all lie well above the Fer.mi energy of the· alloy and are not involved 

in superconductivity. Hybridization effects are also ignored within 

the spirit of the Varma-Dynes model. 

The experimentally observed decrease in T with increasing AGN 
c 

(Fig. 4) is then seen to be governed mainly by the variation of N d(O). 

Quantitative comparison requires that we deduce A from T using 
c 

the McMillan equation (eqn. ( 11)). To do this, a knowledge of the 

variation of 9D is required. As no specific heat, neutron scattering, 

or tunneling data are yet available, one can only speculate as to the 

variation of aD and the details of the phonon spectrum. A few somewhat 

quantitative statements can be made. First, if Nd(O) decreases as 

rapidly with increasing AGN as indicated by Fig. 8(b), then the 

corresponding decrease in A predicted by eqn. { 14) would result in a 

.more rapid decrease of T than experimentally observed if it were 
c 

assumed that aD does not change with AGN. If the Varma-Dynes 

picture is to give a quantitative account of the· data, then a must also 
D 

increase with increasing Ru concentrationo The required increase of 

aD would be of the order of SO% or more on going Mo-rich to Ru-rich 

alloys. Although this seems unlikely, it should be observed that 

aD -- 460°K' and 550°K f th t l M d R t• 1 or e pure me a s o an u respec 1ve y. 

This variation is in the right direction required by the Varma -Dynes 
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model. Considering the approximate nature of the m-::>del, ·it can be 

said that the data are at least qualitatively consistent with it. More 

detailed analysis must await further data from low temperature specific 

heat measurements. Such measurements are currently in progress in 

this lab and should bo.th confirm the variation of N(O) deduced from the 

magnetic susceptibility data as well as _give additional information on 

the variation of 6D • It is expected that a detailed understanding of the 

variation of the microscopic parameters which govern T in amorphous 
c 

transition ~metals and alloys can be obtained. This information should 

be very useful in understanding the systematics of superconductivity in 

crystalline transition metal alloys as well. 
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V. SUMMARY 

It has been demonstrated that alloys based on the 4d transition 

metals Mo and Ru may be obtained in amorphous for.m using the tech­

nique of rapid cooling ·from the liquid state. The amorphous phases so 

obtained are stable up to temperatures of 700-800°C. The structure of 

these materials has been investigated both ·by x-ray and transmission 

electron diffraction techniques and found to be similar to that of other 

amorphous alloys for which radial distributiort functions have been 

computed. Superconductivity has been observed in all of these alloys~ 

The transition temperatures of the alloys follow a systematic behavior 

(with the AGN of the transition metal constituents) closely resembling 

that observed by Collver and Hammond for vapor quenched transition 

n1etal films. 

The upper critical field Hcz depends linearly on temperature and is 

characterized by a large gradient (dHc 2 /dT) ...... 25-30 (KG/°K) for all 

alloys of the series. This temperature dependence is not well de scribed 

by the theories of Maki or Werthameter. The values of the gradient 

were compared with a theoretical expression derived by Rainer, 

Bergmann, and Eckhardt. This expression does not account for either 

the magnitude or the composition dependence of the gradient. 

Magnetization measurements as a function of temperature show that 

it is possible to determine the temperature independent contribution to 

the normal state magnetic susceptibility of the alloys. The Pauli para-

.magnetic contribution can be estimated and used to give an estimate of 

the electronic density of states at the Fermi level N(O). It is found 

that the estimated N(O) values decrease systematically with increasing 
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AGN of the transition metal constituent. This variation can be correlated 

with the variation in T 
c 

Several relationships derived by Varma and 

Dynes based on the tight binding approxima~ion for the d-band of transi-

tion .metal alloys are co.mpared with the present data and are found to be 

in qualitative agree.ment with it. It was pointed out that additional infor-

.mation from specific heat measurements will be required if one is to 

understand the microscopic origin of the variation in T in detail. . c 

Such .measurements are currently in progress. Superconductive tunnel-

ing experiments would also be of great value in providing information 

concerning the microscopic parameters which govern superconductivity 

in this interesting class of materials. By understanding superconductivity 

in amorphous transition metals, one might hope to obtain a better under-

standing of crystalline transition metal alloys. Long range structural 

order in crystalline superconductors can perhaps be considered to 

result in a refinement of a basic model for electronic structure which 

emphasizes the local coordination and short range order present in both 

the crystalline and amorphous state. 

l 



-39-

I, i: RE~'.KI:U:•.;NCES 

1. W. Buckel and R-. Hilsch, Z. Physik, 138, 109 { 1954). 

2. W. Buckel and R. Hilsch, Z. Physik, 138, 118 (1954). 

3. G. Bergmann, Phys. Reports {Sect. C -Physics Lett.) 27, 159 { 197 6). 

4. W. L. Johnson, S.J. Poon, and P. Duwez, Phys. Rev., Bll, 150 

(1975); W. L. Johnson and S. J. Poon, J~ of Appl. Phys. 46, 

1787 {1975). 

5. W. H. Shull and D. G. Naugle, Bull. of the American Phys. Soc,, 

22, 403 {March 1977). 

6. M. M. Collver and R. H. Hammond, Phys. Rev. Lett., 30, 92 (1973). 

7. G. Kerker and K. H. Bennemann, Z. Physik, 264, 15 (1973). 

8. G. KeckerandK. H. Bennemann, Solid State Comm., _!i, 399 {1974). 

9. R. H. Hammond and M. M. Collver, Low Temperature Physics 

LT-13, ~.(Ed. by K. D. Timmerhaus et al.), 532 (1974). 

10. S. Barasic, J. Labbe, and J. Friedel, Phys. Rev. Lett.,~. 919 

(1970). 

ll. C. M. Varma and R. C. Dynes, AIP Conf. Proceedings, No. 

{1976). 

12. P. Duwez, Progress in Solid State Chemistry, (Perga,mon, Oxford, 

1966), Vol. 3. 



-40-

13. G. S. Cargill III, J. of Appl. Phys., ±.!.· 12 (1970). 

14. G. S. Cargill III and R. W. Cochrane, J. Phys. (Paris), 35, C4-269 

( 197 4). 

15. C. N.J. Wagner, J. Vac. Sci. Techno!.,~. 650 (1969). 

16. 0. Meyer, New Uses o[ Ion Accelerators, (Ed. by J. F. Ziegler, 

Plenum Press, New York, 1975), 323. 

17. 0. Meyer, Application of Ion Beams to Materials, Inst. Phys. 

Conf. Ser. No. 28, 168 (1976). 

18. W. L. Johnson and C. C. Tsuei,_ Phys. Rev. B, _!l, .4827 (1976). 

19. W. L. Johnson, C. C. Tsuei, and P. Chaudhari, to be published 

1n Phys. Rev. B. 

20. K. Togano and K. Tachikawa, Phys. Lett., A 54, 205 ( 197 5). 

21. B. G. Lazarev, L. S. Lazareva, E. E. Semenenko, V. I. Tutov, 

and S. I. Goridov, Soviet Phys. Dok1ady, ~. 147 (1971). 

22. W. L. Johnson and S. J. Poon, IEEE Trans. on Magnetics, MAG-11, 

189 (March 1975)~ 

23. V. M. Kuz'Menco, V. G. Lazarev, V.I. Mel'Nikov, A. I. Sudoftsov, 

Zh. Eksp. Teor. Fiz., 67, 801 (1974). 

24. K. Maki, Physics (N.Y.)..!_, 127 (1964); K. Maki, Phys. Rev., 

148, .362 (1966); N. R. Werthamer, E. Helfand, and P. C. Hohenberg, 

Phys. Rev., 147, 288 ( 1966). 



----------- -------

-41-

25. W. L. Johnson and S. J. Pnnn, to be pub.liahed. 

26. G. Tangonan, Ph. D. Thesis, California Institute of Technology, 

( 197 6). 

27. R. Kubo andY. Obata, J. Phys. Soc. of Japan, .!..!_, 547 ( 1956). 

28. A. M. Clogston, V. Jaccarino, andY. Yafet, Phys. Rev. 134, 

A650 (1964); F. I. Ajami, R. K. MacCrone, J. Phys. Chern. 

Solids, 36, 7 (1975). 

29. P. Duwez, Annual Rev. of Mat. Sci., ~,83 (1976). 

30. D. Turnbull, J. Phys~ (Paris), Col.loque-4, ~. 1 (1974). 

31. R. P. Elliot, Constitution of Binary A Uoys (supplement No. 1). 

(McGraw-Hill, New York, 1965). 

32. M. M. Collver and R. H. Hammond, private communication, to be 

published. 

33. R. C. Ruhl, B. C. Giessen, M. Cohen, and N.J. Grant, Acta 

Metallurgica, ..!:2_, 1693 ( 1967). 

34. W. · L. McMillan, Phys. Rev., 167, 331 ( 1968). 

35. L. R. Gomersall and B. L. Gyorffy, Phys. Rev. Lett., 33, 1286 

( 197 4). 

36. R. Koepke and G. Bergmann, Solid State Comm., 19, 435 (1976). 

37. G. Eilenberger and V. Ambegaokar, Phys. Rev., 168, 3 32 ( 1967). 



-42-

38. D. Rainer, G. Bergmann, and U. Eckhardt, Phys. Rev., B8, 

5324 (1973). 

39. C. C. Tsuei, W. L. Johnson, and R. L. Laibowitz, Bull. of the 

American Phys. Soc., 22, 289 (March 1977); to be published in 

Solid State Comm. 

40. W. L. Johnson, C. C. Tsuei, S. I. Raider, and R. L. Laibowitz, 

to be published. 

41. B. Schroeder, W. L. Johnson, C. C. Tsuei, P. Chaudhari, and 

J. Gradzyk, AIP Conf. Proc. No. (March 1976); B. Schroeder, 

W. Grobman, W. L. Johnson, C. C. Tsuei, and P. Chaudhari, 

42. The metallic radii of Mo and Ru are l. 36A and l. 30_~ respectiveiy 

and thus the nearest neighbor distance should not change significantly 

with composition. The position of the first maximum in the x-ray 

intensity function does not change appreciably with composition 

lending experimental support to this contention. 

_I 




